The pattern that many ectotherms have smaller body sizes in cold environments follows the converse to Bergmann's rule and is most frequently found in lizards. Allen's rule predicts animals from warm climates usually have longer tails and limbs, while these traits tend to be shorter in individuals from cold climates. We examined body size variation in an endemic Chinese lizard Phrynocephalus theobaldi along a broad elevational gradient (3,600-5,000 m on the Qinghai-Tibetan Plateau). Female body size showed a U-shaped cline, decreasing with increased elevation within the range 3,600-4,200 m, but increasing at elevations > 4200 m. Male body size continued to increase with increasing elevations. Both sexes showed an increased pattern of extremity length with elevation that does not conform to Allen's rule. Limb length and tail length increased along the elevational gradients. In terms of color pattern, an abdominal black speckled area appears at elevations >4,200 m. This trait increases in size with increased elevation. Unlike most studies, our results indicated that annual sunshine hours corresponding to the activity period of the lizards could play an important role on the positive body size cline in environments at very high elevations > 4200 m [Current Zoology 61 (3): 444-453, 2015].
Understanding body size variation in a spatial context can offer key insights into the process of evolution. Bergmann's Rule attempts to explain variation in body size while Allen's Rule aims to explain body shape, but their applicability to ectotherms is debatable. The former states that animals living in cold climates tend to be larger than individuals of the same species living in warm climates (Bergmann, 1847) . Among reptiles, some squamates tend to follow Bergmann's Rule Du et al., 2005; Roitberg et al., 2013; Volynchik, 2014) , while others appear to show the opposite pattern (Ashton and Feldman, 2003; Pincheira-Donoso et al., 2008; Brandt and Navas, 2013; Pincheira-Donoso and Meiri, 2013) . Although patterns of body size variation and their relationships with environmental factors have been studied in ectothermic vertebrates (Nevo, 1981; Dunham et al., 1989; Atkinson, 1994; Beaupre, 1995; Angilletta and Dunham, 2003; Stillwell and Fox, 2009; Roitberg et al., 2013) , most studies have focused on latitude-based differences Sears and Angilletta, 2004) , and some researches showed sex-specific phenotypic response to temperature (i.e., Volynchik, 2014) . By comparison, little research has been conducted along elevational gradients (but see, Pincheira-Donoso et al., 2008; Hu et al., 2011 ).
Allen's Rule states that endotherms from colder climates usually have shorter limbs (or appendages) than the equivalent animals from warmer climates (Allen, 1877) . The explanation of the rule is that endothermic animals with the same volume may have different surface areas, which will aid or impede their temperature regulation. Ectotherms with different surface area to volume ratios will exchange heat at different rates, which could create different selection pressures in different thermal environments. In lizards, the relative extremity lengths of lacertids, especially limb segments, has been observed to generally increase towards hot locations, following Allen's rule (Volynchik, 2014) . Research on the body sizes of P. vlanglaii has documented relatively short arm and leg lengths in warm environments, contrary to the predictions of Allen's rule (Jin et al., 2007) .
Variation in body size of ectotherms along latitudinal and elevational clines is assumed to represent the adaptation of populations to local environmental conditions (Ashton and Feldman, 2003) . Temperature is frequently cited to explain latitudinal variation in snout-vent length (SVL) for reptiles (Du et al., 2005; Volynchik, 2014) . Factors such as food availability associated with different activity periods or reproductive states are also in-voked to explain intraspecific size clines in the direction predicted by Bergmann's rule (Ashton and Feldman, 2003; Pincheira-Donoso and Meiri, 2013) . The environmental features that generate geographic variation in body size, however, might differ considerably between elevational and latitudinal ranges. For example, variation in hypoxia, sunshine, rainfall and insolation at high elevations are not always replicated at high latitudes (Körner, 2007) .
Known as the "roof of the world", the QinghaiTibetan Plateau (QTP) in southwestern China is the highest and largest plateau on earth (Tapponnier et al., 2001 ). The flat toad-headed lizard genus Phrynocephalus is the most abundant and has the widest distribution of all reptiles found on the QTP (Zhao et al., 1999) . Six morphologically defined viviparous species (P. vlangalii, P. erythrurus, P. theobaldi, P. putjatia, P. forsythii and P. guinanensis) are present on the QTP and form a monophyletic clade within the genus (see Jin and Brown, 2013) . Phrynocephalus viviparous lizards often exhibit black-speckled areas along the abdomen, predicted to be important adaptations when basking in cold environments (Zhao et al., 1999) . To date, the morphological and reproductive characteristics of only a single species, P. vlangalii, has been intensively studied (Huang and Liu, 2002; Wu et al., 2002 Wu et al., , 2004 Zhang et al., 2005) . Intra-specific variation in body size of P. vlangalii does not appear to conform to Bergmann's Rule: analyses of two intraspecific lineages, P. vlangalii vlangalii and P. vlangalii pylzowi that occupy elevations < 4,250 m show similar but non-significant negative relationships between SVL and elevation which runs counter to the pattern expected under Bergmann's rule . Further research on this genus is needed, however, to elucidate whether this pattern occurs generally.
The toad-headed agama P. theobaldi is viviparous and distributed in the western and southern portion of the Xizang area of the QTP, including Ngari areas in western Tibet, the Brahmaputra River valley, and the Xizang Southern Valley, between the north side of the Himalaya mountains and the south side of the Gangdise-Nyainqentanglha mountains (Zhao et al., 1999) . This species is diurnal and occurs across small patches of sand dune habitats, semi-deserts or rocky steppe habitats (Zhao et al., 1999) . It has two subspecies, P. theobaldi theobaldi (ranging across higher regions of Ngari in the western Xizang area) and P. theobaldi orientalis (occuring in the lower regions of Brahmaputra River valley and the Xizang Southern Valley; Wang et al., 1999) . The morphological differences between the two subspecies are: the tips of the hind limbs in P. theobaldi orientalis do not reach the mouth, but touch the mouth margin in P. theobaldi theobaldi; and the length of the tail of P. theobaldi orientalis is shorter than its SVL, whereas it exceeds SVL in P. theobaldi theobaldi (Wang et al., 1999 ). An implication from these descriptive traits is that populations of P. theobaldi could show size variation along a very high and broad elevational gradient (3,600-5,100 m). Whether or not the species shows decreasing extremity length with elevation has not yet been examined.
Here, we investigated intra-specific size variation in the species along elevational gradients and examined the potential influence of environmental climatic factors on size evolution. The specific objectives of this work were to: (1) assess whether the body size variation of P. theobaldi contradicts that predicted by Bergmann's Rule (as is often found in lizards); (2) examine whether or not the species conforms to the prediction of Allen's rule that high elevation populations have relatively shorter limbs or tails; and (3) verify the potential influence of climatic factors along elevational gradients on the body size cline.
Materials and Methods
Specimens were collected along the entire elevational gradient (3,600-5,050 m) of the range of P. theobaldi in western and southern QTP, during the breeding period in August 2011. Elevations of sampled sites were recorded using a Garmin Oregon 400t handheld GPS unit. Sample sites were grouped into 19 geographical sampling areas, with each area covering an elevational range ≤ 50 m, and an area ≤ 5 ha. This delineation was chosen because we could not locate any populations having individuals spread over greater elevational gradients due to habitat isolation.
We analyzed overall body size variation along elevational gradients by measuring the following morphological traits (± 0.01 mm): snout-vent length (SVL), tail length (TL, from vent to the tail tip), head length (HL, from tip of snout to posterior margin of occipital scale), head width (HW, taken at the posterior end of the mandible), arm length (AL, distance between axilla and wrist), leg length (LL, distance between groin and ankle), distance between axillae (DBA) and distance between iliac crests (DBI). All traits were measured by the same person using ShangliangVernier Calipers on living specimens. The measurements were checked and confirmed to be consistent across individuals by the same author with help from another.
Neonate, juvenile and adult individuals are distinguishable from each other in the field based on body size. Lizards that were longer (in SVL) than the smallest gravid females of the lizard were considered to be adults . Individuals usually become sexually mature at about two years of age (Zhao et al., 1999) . Body size analyses were based on adults only.
Climate data over 30 years from 27 climatic stations in the Xizang portion of the QTP were collected from the Chinese National Climatic Data Center (CDC). Of the 27 stations, 20 of them occurred within the potential distribution range of this species. In order to survey the climatic factors of our sampling areas and to analyze their relationships with body size of the lizards, we calculated monthly means of the following climatic variables which could potentially influence the body size of animals: temperature (°C), barometric pressure (hPa), rainfall (mm), relative humidity (%), and hours of sunshine. We calculated the 30-year mean values of these variables for each month, from May to September (corresponding to the activity period of the lizards). We analyzed relationships between elevations of climatic stations and mean climate values using bivariate correlation and partial correlation, with or without control for latitude or longitude. Among these climatic factors, we found that only temperature and barometric pressure significantly decreased with increasing elevation, and hours of sunshine increased significantly with increasing elevation. Thus, only these climatic factors were included because of their relevance to the aims of this study. We also regressed these factors on elevation to obtain regression equations that would allow estimation of the climate in sampling areas lacking climate data. Climatic values for P. theobaldi sampling areas were obtained from regressions of the factors on elevation. The linear regressions can be summarized as: Temperature (°C) = 29.8908-0.0049ELE, r 2 = 0.78, F 1,25 = 86.42, P < 0.001; Barometric Pressure (hPa) = 945.1873-0.0792ELE, r 2 = 0.99, F 1,24 = 3626.43, P < 0.001; hour of sunshine (h) = 255.882 + 0.050ELE, r 2 = 0.72, F 1,25 = 14.58, P < 0.001. In our study area, rainfall increased with increasing longitude (partial correlation: r = 0.754, P < 0.001) but had a non-significant relationship with elevation (partial correlation: r = -0.031. P = 0.880) when longitude or altitude was controlled for. Analyses were conducted with SPSS v19.0. SVLs of both sexes were compared using one-way analyses of variance (ANOVA). There was a significant interaction between sex and elevation (F 15, 315 = 1.846, P = 0.028), indicating different male and female responses to elevation. SVL and other characteristics of each sex were used in subsequent analyses. We used SVL as a surrogate for body size, but considered principle component analysis (PCA) to be a more effective method for examining generalized lizard size (McCoy et al., 2006) . Principle components (PCs) for each sex were obtained by using the correlation matrix of the eight morphological variables. Only PCs with eigenvalues greater than 1.0 were used for subsequent analyses.
High loading values for all morphological traits on PC1 indicated that it was a suitable surrogate for overall size in our study. Scatterplots indicated that the relationship of female is more curvilinear than linear and indicated U-shaped patterns. Clinal patterns of SVL and PC1 scores along elevational gradients were tested using correlation analyses. A total of 11 models were tested using linear and nonlinear regression, and the corresponding AIC value of each model was calculated. All correlation or regression analyses were performed using mean values (all reported ±1 SD). Probability values < 0.05 were considered to be statistically significant.
The individual abdominal black-speckled area (ABA) was approximately rectangular and so its size was calculated as length multiplied by width. The relationship between the mean abdominal black-speckled area and elevation was analyzed using partial correlation analysis while controlling for SVL.
Results

Body size and sexual size dimorphism
Mean values for SVL across all sampling areas ranged from 46.30-52.04 mm (Table 1) . Mature female SVL ranged from 42.0 mm to 63.4 mm while mature male SVL ranged from 42.3 to 58.7 mm. Values for both female (49.2 ± 4.1 mm, n = 175) and male (49.1 ± 3.8 mm, n = 175) subjects were similar (one-way ANOVA: F 1, 348 = 0.146, P = 0.703). Female and Male PC1 had similarly high loading values for all variables, indicating that they represented generalized size ( Table 2 ). The amount of variation in body size was similar for both sexes of lizards (Table 3) .
Body size variation with elevation and climatic factors
In general, correlation analyses showed positive relationships between elevation and SVL and PC1. Both SVL and PC1 showed similar clinal patterns with elevation in both sexes (Fig. 1) . A linear regression model showed positive trends on the elevational clines of SVL and PC1 (Table 4) . A curvilinear model appears to provide the best fit for females (Fig. 1) , specifically the significant quadratic and cubic models had the smallest AIC values of the 11 models tested. Adding quadratic and cubic terms to the regressions also resulted in a greater proportion of the variation being explained (Table 4), showing a "U"-shaped cline in female body size along elevational gradients. The curve inflexion point for the regression of SVL and PC1 on elevation occurs at about 4200 m (Fig. 1) . For the portion of the curve spanning 3,600-4,250 m in elevation, both female SVL and PC1 showed non-significant negative correlations with elevation (Pearson correlation SVL: r = -0.027, P = 0.960, n = 6; PC1: r = -0.108, P = 0.838, n = 6). Between 4250-5050 m, both SVL (r = 0.778, P = 0.003, n = 12) and PC1 (r = 0.740, P = 0.006, n = 12) increased with increasing elevation. Male SVL and PC1 increased with increasing elevation (Pearson correlation SVL: r = 0.584, P = 0.014, n = 17; PC1: r = 0.343, P = 0.177, n = 17). These results indicate that body size generally increases with increased elevation, for both sexes. Male SVL and PC1, together with female (> 4200 m) SVL and PC1 decreased with increasing temperature and barometric pressure, and increased with increasing hours of sunshine. There is no significant relationship between female (< 4,200 m) SVL and PC1 and these three climatic factors (Table 5) . 
Fig. 1 Linear and nonlinear regression analyses of mean snout-vent lengths (SVL; mm) of Phrynocephalus theobaldi and the first mean principle component scores (vertical axis) on elevation (horizontal axis, m)
A total of 11 curve estimation models were tested using SPSS v19.0. Nonlinear analyses were conducted and produced the smallest AIC values when using quadratic and cubic models. Partial correlation analyses in which the correlation with SVL was removed showed significant relationships between some traits and elevation (For female TL: r = 0.513, P = 0.035; HL: r = -0.763, P < 0.001; AL: r = 0.530, P = 0.029; LL: r = 0.680, P = 0.003; DBA: r = 0.604, P = 0.010; and for Male TL: r = 0.483, P = 0.05; AL: r = 0.801, P < 0.001; LL: r = 0.748, P < 0.001; DBI: r = 0.511, P = 0.043). These analyses supported increasing TL, AL and LL with increasing elevation for both sexes.
Variaton of adbominal black-speckled area with elevation
The mean abdominal black-speckled area increased with increasing elevation when mean values for SVL were controlled in the analyses (partial correlation: r = 0.725, P < 0.001 for female; r = 0.642, P < 0.001 for male). This correlation was also significant when populations without black-speckled areas, i.e., populations < 4,200 m were included in the analysis (this involved the inclusion of many individuals with zero scores for this trait).
Discussion
We found a U-shaped relationship between body size and elevation in P. theobaldi: large female body size was found at the lowest and highest gradients of very high elevations and small female body size at intermediate elevations. To our knowledge, such a pattern has not been observed before with regard to body size and elevation in lizards. Some studies have detected linear, not U-shaped curve relationships (Jin et al., 2007; Pincheira-Donoso et al., 2007) . Our results showed that the species' cline provides only partial support for Bergmann's rule.
A number of hypotheses have been proposed to explain the influence of environmental factors on animal body size. Bergmann's rule predicts that body size will be positively correlated with latitude and elevation and is based on the premise of heat-conservation. An organism's thermal environment differs from some other sources of selection in that it is a dominant selective force at low temperatures (Ashton and Feldman, 2003; Pincheira-Donoso et al., 2007; Shen et al., 2013) . At higher temperatures, ectotherms had relatively little thermal constraints, and hence other factors may become dominant in determining body size. Phrynocephalus theobaldi does not possess an abdominal black speckled patch at lower elevations (< 4,200 m) in the Tibetan Southern Valley, but this trait was present at elevations > 4,200 m and increased in size at higher elevations. This could reflect weak thermal constraints on individuals occurring below 4,200 m, because the abdominal black area might help thermoregulation of Phrynocephalus (data unpublished, personal communication). Other climatic factors might play a more important role on this portion of cline. Hypoxia is another prominent stress on individuals living at high elevations (Hammond et al., 2001) . The oxygen consumption of ectotherms is lower under hypoxic conditions (Van den Thillart et al., 1992) . The same quantity of food consumed at higher elevations by reptiles will produce less energy than at normal elevations (Dawson, 1975; Grant, 1990) . vlangalii vlangalii (2,756-3,470m) and P. vlangalii pylzowi (2,926-4,250m; appears to be consistent with the pattern observed in female SVL < 4,200 m, although the significance of this patterns cannot be established due to a lack of statistical power.
Phrynocephalus theobaldi shows clinal variation at elevations > 4,200 m which is the opposite to the pattern seen in most squamates (Ashton and Feldman, 2003; Angilletta et al., 2004) . Almost without exception, the traditional heat conservation explanation (Bergmann, 1847; Mayr, 1956) does not apply to squamates (Ashton and Feldman, 2003; de Queiroz and Ashton, 2004; Pincheira-Donosoet al., 2007) . In fact, low temperatures and hypoxia at high latitude and/or elevation are not conducive to increased growth, because temperature is closely related to the activity, feeding and digestion ability, and also to net energy availability for growth (Dawson, 1975; Dunham et al., 1989; Grant and Dunham, 1990; Brown and Griffin, 2005) . Although resting metabolic rate might be lower for lizards at lower temperatures, in colder environments, the net energy gained from the same food will drop, so this is not necessarily conducive to increased availability of resources for growth (Dawson, 1975; Grant, 1990; Grant and Dunham, 1990) . The general consensus is that temperaturebased lower rates of seasonal activity for the lizards at high elevation or latitudes will negatively affect body size growth (Hellmich, 1951; Grant and Dunham, 1990; Sears and Angilletta, 2004) . Moreover, a lizard's ability to capture prey, avoid predation, maintain endurance, attract mates, produce sperm, and convert lipids are substantially reduced at suboptimal body temperatures (Shine, 1980; Hailey and Davies, 1988; Martin-Vallejo et al., 1995; Pianka and Vitt, 2003; Ibargüengoytía, 2005; Qu et al., 2011) . However, part of our study does show a different pattern, where populations showed increased body sizes at the very highest elevations (> 4,200 m) .
Although there is little available information in the literature (but, see Heath, 1965; Muth, 1977) , the duration of available sunshine could be a key environmental factor. In our study area with very high elevations, duration of sunshine period was positively correlated with elevation. Moreover, the abdominal black-speckled patch present on lizards at > 4,200 m (and positively correlated with elevation) helps absorb the heat radiating from the ground surface. On clear days, the sands substrate temperature measured during field work was usually higher than the air temperature. In other words, individuals at relative higher elevations might have longer periods available for foraging activity, compared to those at relative lower elevations, because of a greater ability to thermoregulate with their abdominal patches and relative longer tails and limbs, implying larger surface area to volume ratios of P. theobaldi. On cloudy days, the highest mean air temperature during the activity period of the lizard was just 12°C. It is lower than the ground surface temperature when the species was frequently active (the temperature of the sand substrate often reached 30°C on sunny days). This implies that sunshine may play a dominant role on this cline > 4,200 m compared to the factors as temperature and hypoxia.
Our data also contrast with the predictions of Allen's rule (e.g., shorter appendages at higher latitudes/altitudes). Longer appendages for the lizard may work to improve heat gain during basking activity. In cold environments, adaptations to heat-gain are under strong positive selection to allow optimal feeding, mating and predator avoidance (Pincheira-Donoso et al., 2008) . Also, the longer tails and limbs in relative high elevations might compensate weakened motor ability in hypoxia environments.
Rainfall and air humidity can influence animal body size at hatching (Janzen et al., 1995; Du and Shine, 2008) , or not (Brana and Ji, 2000; Flatt et al., 2001 ). In our study area of the QTP, rainfall did not significantly correlate with elevation, indicating a lower influence on these clines. Other factors that have been previously shown to influence a body size cline (but which we did not measure) include maturation rate (Atkinson, 1994; Belk and Houston, 2002; Palkovacs, 2003) , phylogenetic constraints (de Queiroz and Ashton, 2004; Gaston and Blackburn, 2008) , migration pattern (Gaston and Blackburn, 2008) , resistance to starvation (Lindstedt and Boyce, 1985; Cushman et al., 1993; Ashton and Feldman, 2003) , and effects on somatic cell sizes (Van Voorhies, 1996 Mousseau, 1997; Partridge and Coyne, 1997) . Nevertheless, it is unusual for lizards to show the body size trends predicted by Bergmann's rule (Ashton, 2001; Espinoza et al., 2004; Cruz et al., 2005) .
The body size cline could be partially mediated by the thermal environment and hypoxia at sites < 4,200 m, and by the duration of available sunshine at sites > 4,200 m. The historical relationships among P. theobaldi populations are not known. However, the phylogenetic effects on this body size cline are likely to be minor because of the small difference in body sizes between populations. Bergmann or Allen´s rules have usually been tested in situations far less restricted than our study. It is not surprising that we have found a distinct pattern from other studies considering Bergmann and Allen's rules, because our study is limited to very high elevations that are absent in most parts of the world. As sample sizes were relatively small (< 5 for each sex) at 10 of the 19 sampling sites, future work will involve increasing the statistical power of our analyses by adding more specimens.
